Abstract: By 2050, 70% of the human population is likely to be living in cities, making urbanization an increasing global trend. Detecting changes in ecosystem services (ES) and their bundles in response to urbanization is critical for evaluating land-use policies. We examined changes in the provision of grains, vegetables, fruits, carbon sequestration, soil retention, sandstorm prevention, and water retention from 2000 to 2010 in the Beijing-Tianjin-Hebei metropolitan area, China; then, using a k-means cluster analysis, we classified 202 counties of this area into groups (bundles) based on their similar sets of ES. We found that (1) urban area, forestland, and grassland increased by 22%, 3.6%, and 1.7%, respectively, while cropland decreased by 4.6%; (2) the provision of grains, vegetables, and fruits increased by 24-90%, despite an overall loss in cropland; carbon storage and sand retention increased by 40% and 7%, respectively, while soil and water retention increased slightly by approx. 1% each; (3) 72 counties changed their ES bundles; and the "agriculture bundle" dominated the landscape in 2000 while it decreased by 50% in 2010 and was mainly transformed to "sub-developed urban bundle", indicating loss of cropland during that decade. The transformation of ES bundles can be used to understand the effects of urbanization. The study indicated that improved technologies and ecological restoration in rural areas can help sustain multiple ES in our rapidly urbanizing world.
Introduction
"Earth has become an urban planet" [1] . More than 50% of people now live in cities, and the population of cities is expected to double while urban land is expected to triple in size from 2000 to 2030 [2] . Urban growth has significant impacts on biodiversity, natural habitats, and ecosystem services (ES) upon which society depends [3] . A critical question facing society is how to meet growing human demands for living space, food, and other resources while sustaining biodiversity and ES [1] .
With increasing urbanization, many researchers have studied its effects on ES and the relationship between urbanization and ES, but contrasting results have been reported [4] [5] [6] [7] . In West Africa, ES have decreased because of the increasing demand for food from the cities, which has incentivized farmers to convert forests to agricultural fields [8] . However, a study based in Misiones, Argentina found that, with migration from rural to urban areas, landscape planning can be properly used to mitigate forest decline [9] . The impacts of urbanization on ES are complex. A number of studies have used a
Mountains in the west are covered with forest and shrub and are where the GTGP was mainly implemented. The east is made up of alluvial and coastal plains, where agriculture and urban areas predominate.
Data Sources
Multiple sources of data were used in this study: (1) 
Detecting Land Cover Transformation
We used the classification maps for ecosystems in 2000 and 2010 from China's National Ecosystem Assessment [39] and calculated the land use transition matrix in ArcGIS10.2. 
Data Sources
Detecting Land Cover Transformation
Focal Ecosystem Services
Twenty-four percent of the total land in BTH suffered from soil erosion [40] , including hydraulic erosion and wind erosion, which also caused sand storms. Plants absorb CO 2 from the atmosphere and, via photosynthesis, convert it into biomass. As this process decelerates climate warming, carbon storage is a major indicator for climate regulation [41] . Grain (mainly wheat and maize), vegetables, and fruits are major provisioning products in BTH. Focusing on these issues, seven important ESs were quantified in BTH: soil retention; water retention; sand retention; carbon storage; and the provision of grains, vegetables, and fruits (Table 1) . • Carbon storage (CS) refers to the carbon stored in terrestrial ecosystems, mainly including forestland, grassland, and wetland, and it was estimated following Ouyang et al. [39] as
(1)
where CD ij is the carbon density in the biomass of ecosystem i in pixel j, AR i is the pixel area, B ij represents the biomass density of ecosystem i in pixel j, and CC i reflects the carbon content in the biomass of each ecosystem, which is 0.45 for grassland and 0.5 for forestland and wetland [39] .
• Soil retention (SOR) refers to the soil retained in an ecosystem in a year. It was calculated according to the Universal Soil Loss Equation [42] in the Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST 3.3.3) [43] as follows:
where R reflects the rainfall erosivity factor, K represents the soil erodibility factor, LS represents the topographic factor, and C represents the vegetation factor.
• Water retention (WR) refers to the water retained by the ecosystem in a year. It was calculated as
using the precipitation (P) minus the runoff (R) and evapotranspiration (ET) values of each ecosystem (i). A represents the area of the defined ecosystem; j represents the number of ecosystem types.
• Sand retention (SAR) refers to the sand retained in an ecosystem in a year. Wind erosion is most likely to happen in arid and semiarid areas. We used the 40-mm precipitation line to define the wind erosion area. In BTH, sandstorms mostly come from the grassland of Zhangjiakou and Chengde. Beijing is not included in the wind erosion area. We used the revised wind erosion equation [44] to estimate SAR, which was calculated as the difference between the potential wind erosion without vegetation cover and actual wind erosion, as follows:
where S Lp represents the potential wind erosion, SL represents the actual wind erosion, Q max reflects the estimated maximum sand transport capacity by wind, Z reflects the distance from the upwind edge of the field, S p and S are the critical field length, WF is the weather factor, EF reflects the soil erodible factor, SCF reflects the soil crusting factor, K' is the surface roughness factor, and C represents the vegetation factor.
Ecosystem Service Bundles
The ESs were calculated using the ArcGIS 10.2 software. The "zonal statistics as table" tool was used to summarize the ESs within the administrative boundaries of each county. The density of each ES in each county was also calculated. The data on the density of each ES in each county in 2000 and 2010 (separately for each year) were exported to the SPSS 21.0 software, and their values were transformed into a range (from 0-1) using max-normalization; then, a k-means cluster analysis was performed to identify the counties with similar ES bundles [23] . The number of groups (k) with values from 4 to 8 (i.e., k = 4-8) was tested, and we found that k = 5 best represented the situation in BTH. The dominant ES in each of the five groups are shown in the radar chart. The trajectory of the ES bundles of each county was detected by comparing the ES bundles in 2000 and 2010 [24] . This data was then exported to the ArcGIS software, in which their distribution patterns were plotted. Moran's I, a spatial autocorrelation index, was calculated using the ArcGIS 10.2 software and was used to examine the spatial patterns of the ES bundles. The Z-scores from Moran's I indicated a tendency towards clumped, dispersed, or random spatial patterns.
Results

Change of Land Cover
From 2000 to 2010, the land cover changed dramatically in cities and rural areas. Urban areas increased the most (3983 km 2 , 22%), followed by forestland (1529 km 2 , 3.6%), and then grassland (337 km 2 , 1.7%) ( Figure 2 ). Conversely, cropland decreased the most (4780 km 2 , 4.6%), followed by shrub land (659 km 2 , 2.6%), and then wetland (407 km 2 , 6.4%). From the land transformation matrix (Table 2) , we found that a loss of cropland contributed 86% to the increase in urban areas, although wetland (363 km 2 ) and grassland (176 km 2 ) were also lost during urbanization. The loss of shrubs contributed to 45% of the forest increase. The conversion of cropland contributed another 42% to the increase in the forest area. 2), we found that a loss of cropland contributed 86% to the increase in urban areas, although wetland (363 km 2 ) and grassland (176 km 2 ) were also lost during urbanization. The loss of shrubs contributed to 45% of the forest increase. The conversion of cropland contributed another 42% to the increase in the forest area. 
Major Ecosystem Services Increased Significantly Region-Wide But Were Spatially Uneven
Individual ES showed different spatial patterns of increases and decreases at the county level between 2000 and 2010 ( Figure 3 ). Carbon storage and soil retention decreased in the urban area but increased in the mountainous area. Sand retention increased in the south of Bashang. Water retention decreased in central areas of Beijing and Tianjin but increased in other regions. Grain increased in the plains but decreased in mountain and urban areas. The provision of vegetables and fruits were Individual ES showed different spatial patterns of increases and decreases at the county level between 2000 and 2010 ( Figure 3 ). Carbon storage and soil retention decreased in the urban area but increased in the mountainous area. Sand retention increased in the south of Bashang. Water retention decreased in central areas of Beijing and Tianjin but increased in other regions. Grain increased in the plains but decreased in mountain and urban areas. The provision of vegetables and fruits were increased widely. However, all seven ESs increased from 2000 to 2010 region-wide (Figure 4) . The provision of grains, vegetables, and fruits increased by 24%, 49%, and 90%, respectively. All regulating services also increased region-wide: carbon storage and sand retention increased by 40% and 7%, respectively, while soil retention and water retention increased slightly by about 1% each. (Figure 4) . The provision of grains, vegetables, and fruits increased by 24%, 49%, and 90%, respectively. All regulating services also increased region-wide: carbon storage and sand retention increased by 40% and 7%, respectively, while soil retention and water retention increased slightly by about 1% each. 
The Trajectory of the ES Bundles in Each County
The 202 counties in BTH were each categorized into groups according to the similar types and quantities of ES provided in each year (2000 and 2010) (Figure 5a ). In 2000, the five ES bundles were as follows: (1) few ES, usually with a high-density population in urban areas with few green spaces, named the "Urban bundle"; (2) a high amount of fruits, named the "Fruits bundle"; (3) a high proportion of grains, vegetables, and fruits and with intensive croplands, named the "Agriculture bundle" (AGR); (4) a considerable sand retention only distributed in the grassland areas of the Bashang plateau, named "SandR"; and (5) a considerable high-density regulating ES (HRES), distributed in the forestlands of the Yan and Taihang mountains, with few croplands. In 2010, the five ES bundles were as follows: (1) very few ES, mostly located in the developed urban area, and here, designated DU; (2) few ES with a few agricultural products, mainly distributed in sub-developed urban, and here, 
Discussion
Urbanization changed the land cover greatly from 2000 to 2010. Urban and forested areas expanded by 22% and 3.6%, respectively, resulting in a 4.6% decline in cropland. Overall, land use changed significantly, which affected ES and ES bundles in different areas.
Urbanization and Ecological Restoration Expanded Simultaneously
The 22% increase of urban areas indicates the rapid urbanization of the BTH area from 2000 to 2010. This urban expansion is mostly a result of the decline in cropland. Concurrently, forested areas and grassland also increased as a result of ecological restoration policies such as GTGP and BSSCP. Previously, farmers in China cultivated hilly lands to increase food production per capita as the amounts of cropland were limited. This practice damaged the local ecosystems because steep slopes are fragile and at high risk of soil erosion. The first pilot projects of GTGP were performed in Zhangjiakou and Chengde, in the Hebei Province, from 2000 to 2002; by 2002, these projects were already implemented in the entire BTH area. BSSCP was implemented from 2002 to 2010. Both GTGP and BSSCP had three main measures: to turn cropland in steep slopes (slope steepness > 25) into forest or grassland, to perform afforestation on barren land, and to ensure mountain closure for forest cultivation [32, 45] . BSSCP also included watershed management, forbidden grazing policies, and people migration [45] . Unfavorable croplands in mountainous areas were converted into grassland and forests following ecological restoration policies. Because of these policies, 642 km 2 of cropland were restored to forests and 746 km 2 of cropland were restored to grasslands (Table 2) . Moreover, 701 km 2 of shrub areas successfully became forestland, which indicates that the quality and quantity of forestland were improved in the rural areas.
Understanding the Increase of Ecosystem Services
Region-wide carbon storage and sand retention increased by 40% and 7%, respectively, because of the increase in the quantity and quality of forestland and grassland. Zhou et al. [12] also found 
Discussion
Urbanization and Ecological Restoration Expanded Simultaneously
Understanding the Increase of Ecosystem Services
Region-wide carbon storage and sand retention increased by 40% and 7%, respectively, because of the increase in the quantity and quality of forestland and grassland. Zhou et al. [12] also found similar results. However, soil and water retention did not appear to change much in our study. This was most likely because of the amount of time required for soil and water retention to take place. Another possible reason may be that our models were based on land-use classes which fail to capture the full effects of this type of ES.
Another reason for the increases in ES may be that urbanization causes people to move from the larger rural areas to denser urban areas. The population urbanization rate of BTH increased from 32% to 55% between 2000 and 2010 [29, 46] . More than 10 million rural people migrated to urban areas; fewer people are, therefore, directly dependent on the land, which facilitates natural ecosystem restoration. Studies in the Yangtze River Basin have also shown that ecological restoration projects such as GTGP have not only improved ES but also farmers' income. In addition, these projects have encouraged the migration of farmers to urban areas, which in turn aids the ecological restoration of rural areas [47] . However, the effect of urbanization on ES depends on the level of cooperation between urbanization and ecological restoration policies [15, 48] .
Provisioning services increased from 24-90%, despite the loss of cropland; this is consistent with the China National Assessment, which reported that food production increased by almost 40% from 2000 to 2010 [39] . Despite the loss of farmland, grain production per unit area increased, and the factors that influenced this increase of grain yields in China include the improvement of seed technology and cultivation techniques (such as plastic film mulching cultivation) and the increased use of irrigation and fertilization [49, 50] . These factors, however, will probably cause future environmental problems such as water pollution; these problems will require further evaluation.
The Trajectory of ES Bundles Indicates the Increasing Specialization of Land Use
We identified clear patterns of ES bundles at the regional scale, mainly providing one or a few types of ES, which reflects the ongoing specialization in land use and the intensive cropland management also reported in other studies [18, 24] . Over one third of the counties exhibited changes in their associated ES bundles, suggesting large-scale land-use changes during the decade. AGR bundles decreased by 50% and transformed into SU, indicating that cropland regions were converted into land used for construction. Urban bundles present in 2000 were separated into two groups, with one group becoming more densely urbanized and providing fewer ES which, due to economic development, were concentrated in the downtown area of Beijing, Tianjin, and Tangshan, with other cities having fewer economic opportunities. The increases in DU and SU led to a 22% increase in urban land. The area of land used for construction increased and ES decreased considerably in these areas.
We found that counties became more specialized. The counties in AGR bundles decreased by 50%, while provisioning services increased from 24% to 90%. The counties in SandR declined by 14%, while total sand retention increased by 1%. The counties in HRES only increased by 9%, while carbon storage increased by 40% and forest area increased by 3.6%. Specialization would improve land productivity and increase the designated ES, consistent with the concept of the land zoning initiative "Major Function Oriented Zoning (MFOZ)," which aims to ensure food security, the conservation of ES, and the sustainability of urbanization [51] . This kind of ES bundle separation and specialization has also been reported in Quebec [24] .
The Importance of Regional Cooperation
Another insight from our study regarded the importance of regional cooperation. The polarization of economic development in the BTH is a long-standing social problem. Most of Beijing and Tianjin comprises SU and DU, which provide a few ES and is dependent on Hebei, which acts as an ecological barrier preventing sandstorms whilst providing sources of clean water and food for Beijing and Tianjin.
However, the GDP per capita in Beijing and Tianjin are three times higher than that in Hebei. Thus, an investment in ESs across all three regions would be beneficial to all three cities. An investment in ES programs, like the paddy land-to-dry land conversion program between Beijing and the Miyun Reservoir watershed, has proven to be an economic and ecological success [52] . Our results showed that the differentiation in ES became more distinct and that counties became specialized over time, meaning that more compensation is needed in regions relying on ES.
Limitations and Future Research
More ES indicators, especially for water quantity and quality, biodiversity, and cultural aspects, are required to provide a more complete assessment of the effects of urbanization on ES. The technical innovation and inputs to increase agricultural production that may cause other problems, such as water shortage and water pollution, were not included in our study. Our study of only 10 years of data demonstrated the complexity of ES dynamics. However, this timeframe was not long enough to capture all the effects of current polices on urbanization and ecological restoration. A longer time span of observations, including more ES indicators, is needed in future studies.
Conclusions
On one hand, urbanized land in the BTH area expanded by 22% from 2000 to 2010, causing great losses of natural and semi-natural land and resulting in decreases in ES in urban areas. On the other hand, forested areas and grassland also increased by 3.6% and 1.7%, respectively, because of ecological restorations in the rural areas resulting from cropland decrease. Moreover, the increase in quality (forest succession from shrub land) and quantity (area increase) of natural habitats in mountainous areas enhanced carbon storage and sand retention at a regional scale; carbon storage and sand retention increased by 40% and 7%, respectively. This indicates that off-site ecological restoration can offset significant losses in ES in urban areas.
At a regional scale, the provision of grains, vegetables, and fruits increased by 24-90% despite an overall loss in cropland because of technological innovation and better management. The ES bundles of 72 counties changed from 2000 to 2010; the "agriculture bundle" dominated the landscape in 2000, but it decreased by 50% in 2010 and was mainly transformed into a "sub-developed urban bundle", indicating the great loss of cropland during that decade. Our results clearly demonstrate the utility of modeling dynamic changes in ES bundles as a method to understand the processes of urbanization in cities and ecological restoration in rural areas. Our empirically derived ES trajectories showed that improved technologies and ecological restoration can help sustain multiple ES in the rapidly urbanizing world. Moreover, these results can be implemented into land management policies and practices to sustainably manage responses to urbanization in the future. 
